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Bacterial wilt is a devastating plant disease that can cause upwards of 90% crop loss. The 
soil-borne bacterium Ralstonia solanacearum, is the causal agent of bacterial wilt, and 
infects over 200 plant species, including tomatoes. Roots are fundamental to resistance in 
tomato, as grafting resistant rootstocks to susceptible scions results in resistant plants. 
Despite the devastation it causes, there are no known resistance genes in crops to R. 
solanacearum, and crop defense mechanisms are unknown. Here, we investigated the 
role of root anatomy and root architecture in tomato resistance to R. solanacearum. We 
find that bacteria colonize root tissue types of resistant and susceptible plants differently, 
and that vascular treachery elements are generally larger in resistant plants. Further, we 
find that the production of lateral roots may contribute to mechanisms of resistance. Our 
data suggest that differences in root anatomy and architecture are part of plant defense 





CHAPTER 1. INTRODUCTION 
1.1 Overview and Objectives 
The soil-borne bacterium Ralstonia solanacearum is the causal agent of bacterial 
wilt (BW) and is ranked as the second most destructive bacterial plant pathogen 
(Mansfield et al., 2012). Root diseases such as bacterial wilt are among the most 
challenging plant diseases to control, as chemical methods are often not effective below 
ground where soil-borne pathogens reside (Haas & Defago, 2005). The best means of 
disease control of bacterial wilt is through resistant varieties (Yuliar & Toyota, 2015) but 
the plant genes underlying resistance in crop varieties are unclear, and no plant resistance 
genes to R. solanacearum in crop varieties have been identified. Understanding the 
mechanisms through which plants mount an effective defense response is essential to 
ensure effective crop protection. 
R. solanacearum enters the root through small natural wounds such as those 
created during lateral root emergence (Vasse, 1995). The pathogen primarily colonizes 
the root xylem of both resistant and susceptible plants (Digonnet et al., 2012a; Digonnet 
et al., 2012b; Vasse, 1995). Xylem is a complex water-conducting tissue composed of 
both living and dead cells. Defense mechanisms in the root appear to be key to whole 
plant resistance, because grafting resistant (R) tomato rootstocks to susceptible (S) scions 




Despite the importance of roots in bacterial wilt resistance, and that disease 
control is primarily managed through resistant rootstocks and cultivars (Huet, 2014; Scott 
et al., 2005) there is little information about root defense mechanisms. Because R. 
solanacearum primarily colonizes the root xylem tissue of both resistant and susceptible 
tomatoes, this tissue may play an important role in root defense mechanisms. Further, 
because R. solanacearum enters the root through wounds created during lateral root 
emergence, lateral roots may be an important factor that affects resistance or 
susceptibility.  
The objectives of this thesis were to test the following hypotheses: 
• Bacteria colonize the vascular cylinder of resistant plants more slowly than in 
susceptible plants 
• Bacteria are distributed differently within the vascular cylinder of resistant and 
susceptible plants 
• Resistant plants have larger xylem vessels, tracheary elements and a larger 
vascular cylinder 
• Resistant and susceptible plants undergo different changes to root architecture 
after infection 
1.2 Introduction to the Pathogen and Bacterial Wilt Disease  
R. solanacearum was first described by E.F. Smith in 1896 on Solanaceae species 
including tomato, potato and eggplant (Álvarez et al., 2010). R. solanacearum infects 
over 200 plant species and is particularly devastating to tomatoes and other solanaceous 
crops (Hayward, 1991; Scott et al., 2005). The bacteria was named Bacillus 
solanacearum, later Pseudomonas solanacearum and currently Ralstonia solanacearum 




higher temperatures and humidity. It is a severe limiting factor in tomato production in 
the Southeastern United States and in Central America (Hayward, 1991; McAvoy et al., 
2012; Rivard & Louws, 2008). This soil-borne pathogen is a class beta-proteobacteria 
because it is gram-negative bacteria, rod shaped, and has a polar flagellum.  
Due to the diversity within R. solanacearum, the species is known as the 
Ralstonia solanacearum species complex (RSSC) (Fegan & Prior, 2005). The RSSC is 
divided into four phylotypes (I, IIA/B, III and IV), each corresponding (approximately) to 
a different geographic region. The strain used in this research, R. solanacearum K60, is 
classified as phylotype IIA, sequevar 7. K60 was isolated in 1953 from tomatoes in North 
Carolina, and strains causing current outbreaks in that region are similar to the original 
isolate (Remenant et al., 2012). The genome of K60 has been completely sequenced 
(Remenant et al., 2012). Recent work has proposed splitting the RSSC into 3 species 
(Prior et al., 2016; Remenant et al., 2012) based on genomic and proteomic analysis and 
metabolic characterization. The three new species would group phylotype IIA/B as R. 
solanacearum, with phylotype I and III as R. pseudosolanacearum and phylotype IV as 
R. syzygii.  
Disease management of bacterial wilt is very limited as the pathogen is a soil 
bacterium. The best means of disease control is through resistant cultivars. Resistance in 
tomato is primarily quantitative, resulting from many genes contributing a small amount 
to resistance (Danesh, Aarons, McGill, & Young, 1994; Thoquet, Olivier, Sperisen, 
Rogowsky, Laterrot, et al., 1996; Young & Danesh, 1994). Although several quantitative 
trait loci (QTL) for resistance to R. solanacearum have been identified (Carmeille et al., 




mapped or cloned. HA7996 is considered one of the most highly resistant tomato 
genotypes to a range of R. solanacearum strains (Scott et al., 2005). This genotype shows 
no disease symptoms, yet maintains a high pathogen load. 
Many factors contribute to the spread of bacterial wilt disease. For example, 
infected machinery can transfer the disease to unaffected soil, as can water runoff. 
Control of infected plants in the field is challenging because there are no initial infection 
symptoms and once symptoms are visible the disease progresses rapidly. Chemical 
treatment with bactericides has not been effective because once symptoms are observed, 
the chemicals will not be able to move throughout the plant system to eradicate the 
bacteria (Hölttä & Nikinmaa, 2013). Removing infected plants and surrounding soil can 
prevent rainwater runoff from carrying the bacteria to nearby plants although in large 
field populations, this method is not practical or economical. 
Grafting resistant rootstocks to susceptible scions is an effective means of disease 
control and is used in the Southern United States as well as in South Korea and Japan 
(McAvoy et al., 2012; Rivard et al., 2012). Scions of the susceptible BHN 602 tomato 
line were grafted onto rootstocks of various tomato lines with resistance to bacterial wilt 
(McAvoy et al., 2012). When disease pressure was low, BW incidence of both grafted 
and non- or self-grafted was low. When BW disease pressure was high, both fruit yield 
and BW incidence of grafted hybrids was much better than non-grafted and self-grafted 
hybrids (McAvoy et al., 2012).  
Grafting resistant rootstocks had similar effects on resistance in susceptible scions 
in a field study in North Carolina (Rivard et al., 2012). These studies demonstrate the 




R. solanacearum likely gains access to its host through natural wounds caused by 
the emergence of lateral roots, and through wounds acquired from growing through the 
soil. After entering the root, bacteria infect the root cortex, and then move to the root 
vasculature where they multiply in the xylem and subsequently move into the shoot 
(Digonnet, et al., 2012; Vasse, 1995). The pathogen secretes exopolysaccharides (EPS), 
and increasing amounts of EPS are thought to lead to physical blockage of xylem that 
prevents transpiration, resulting in wilting and eventual death (Denny, 2000; Denny & 
Baek, 1991; McGarvey et al., 1999; Saile et al., 1997; Schell, 2000). Xylem colonization 
appears to be critical to disease progress, because mutants impaired in xylem colonization 
cannot cause wilting in plants (Plener et al., 2010; Vasse et al., 2000).  
Experiments on Medicago truncatula have illustrated that there are four basic 
steps involved in the process of infection by a R. solanacearum (Turner et al., 2009). 
Senescence of the root is first observed followed by the bacteria entering the intercellular 
spaces of the root cortex and proceeding to the vascular cylinder to allow colonization of 
the vascular system to take place. Once the bacteria are able to access the central vascular 
system they are able to rapidly reproduce within the plant’s xylem tissue.  
Once in this prime location, the bacteria secrete EPS and cause disease symptoms to be 
present (Grimault & Prior, 1993). Tissue weakened by secondary root branches allow 
more sites for infection with R. solanacearum (Vasse, 1995).  
Several studies have shown that R. solanacearum colonizes both resistant and 
susceptible plants (Ishihara et al., 2012; McGarvey et al., 1999; Nakaho & Allen, 2009). 
For example, R. solanacearum colonized roots, hypocotyls, and the lowest petiole of both 




al., 1999). Colonization was 100-fold higher in the petioles and mid-stems of the 
susceptible varieties compared to the resistant HA variety, yet the resistant plant 
displayed no disease symptoms. Although resistant tomato plants can maintain high 
pathogen levels (Ishihara et al., 2012), several reports suggest that bacteria in resistant 
plants are limited in their ability to broadly colonize tissues in the stem (Grimault et al., 
1994; Grimault & Prior, 1993; Nakaho et al., 2004). For example, resistant varieties 
restricted bacteria to the primary stem xylem, possibly through thickenings of pit 
membranes in stem xylem tissue (Nakaho et al., 2004). However, in the susceptible line, 
bacteria were also found in secondary xylem tissues of the stem (Nakaho et al., 2004).  
Although grafting resistant rootstocks to susceptible scions significantly reduces 
bacterial wilt disease (McAvoy et al., 2012; Rivard et al., 2012), bacterial distribution in 
roots of resistant plants has not been examined. Further, infection differs in the root of 
resistant and susceptible lines, and how bacteria are distributed within the different root 
tissues of the root is not clear.  
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Bacteria produce different quantities of EPS in both resistant and susceptible 
plants. Susceptible plants had approximately 10 μg EPS per gram of plant tissue (10 μg 
/gpt) in the taproot, hypocotyl and mid-stem regions compared to resistant HA plants, 
which never exceeded 1 μg/gpt in any of the sampled regions. When the maximum 
number of bacterial was reached in resistant HA plants, EPS production did not increase 
further. In susceptible plants, however, EPS production continued to increase by as much 
as 10-fold. Surprisingly, although EPS production per gram of plant tissue was less in 
resistant plants compared to susceptible plants, the amount of EPS per bacterial cell was 
by about 15-fold higher in the resistant variety compared to the susceptible plants 
(McGarvey et al., 1999). 
R. solanacearum produces phytohormones such as auxin (IAA) and ethylene 
(Valls et al., 2006). Susceptible and resistant tobacco plants were found to have large 
increases of auxin when infected with R. solanacearum (Sequeira & Kelman, 1962). 
Phytohormones work to regulate many phases of plant development including growth, 
reproduction, environment adaptations and disease resistance (Pieterse, Leon-Reyes, Van 
der Ent, & Van Wees, 2009). The role of the hormones produced by R. solanacearum in 
defense is not understood. 
To maintain virulence, R. solanacearum is equipped with several pathogenicity 
factors, including EPS (Denny & Baek, 1991; McGarvey et al., 1999; Milling et al., 
2011; Saile et al., 1997), cell wall degrading enzymes such as cellulase and pectic lyase 
(Allen et al., 1997; Huang & Allen, 1997; Liu et al., 2005) and type III effectors (T3Es). 
Like many bacterial plant pathogens, R. solanacearum uses the type III secretion system 
(TTSS) to inject its T3Es into the host cell, causing disease in susceptible plants and 
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promoting defense responses in resistant plants (Angot et al., 2006; Coll & Valls, 2013; 
Jacobs et al., 2013; Remigi et al., 2011; Sole et al., 2012; Turner et al., 2009; Vasse et al., 
2000). Although the function of most T3Es is unknown, (Coll & Valls, 2013), genetic 
analyses have demonstrated that several T3Es have roles in R. solanacearum virulence or 
avirulence.  
The expression of T3Es is dependent on hrp genes. Two hrp genes, hrpG and 
hrpB, are necessary for tomato root infection, although at different stages of the process 
(Vasse et al., 2000). HrpB is required for xylem colonization (Vasse et al., 2000). The 
hrpB regulon is expressed in planta in the initial stages of plant infection, during 
colonization of xylem by bacteria, and in later stages of wilting (Jacobs et al., 2013; 
Monteiro et al., 2012; Zhang et al., 2013).  
1.3 Tomato Root Anatomy and Root Architecture 
Given the important role that roots play in resistance to R. solanacearum, root 
anatomical and architectural analyses will likely provide insight about tomato 
mechanisms of resistance or susceptibility to R. solanacearum. Root anatomy can be 
defined as the internal cellular arrangement, morphology, and distribution (Jung & 
McCouch, 2013) while root architecture focuses on the pattern, length, orientation and 
diameter of different branches on the root system (Fitter & Atkinson, 1991).  
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The three main types of roots formed in tomato cultivars are primary, lateral and 
adventitious roots. Primary root development occurs at the time the embryo is 
developing, with lateral and adventitious roots forming postembryonically. Each type of 
root consists of at multiple tissues and cell types. These include the epidermis, cortex, 
endodermis, pericycle, xylem tissue, and phloem tissue. Because the xylem tissue is the 
major focus of this work, it will be discussed in more detail.  
Primary growth of the root vasculature is less complex as the radial system has 
not developed yet. Once secondary growth has initiated, the complexity of cells within 
the xylem tissue increases. The primary function of xylem is conductance of water and 
there are many different cell types that contribute to the proper function of the xylem 
tissue. One statement that is often made about xylem tissue is that it is dead at maturity 
but this is misleading, as only certain cells within the tissue are dead. Xylem parenchyma 
is comprised of living parenchyma cells that are responsible for translocation and storage 
of materials such as carbohydrates, proteins, crystals, fats and oils. The non-vascular 
tissues called the pericycle are usually made of parenchyma cells. In tomato, the 
cambium is interrupted by two protoxylem poles that are directly opposite from one 
another and are the site of lateral root initiation (Esau, 1960).  
The vascular cambium develops between the phloem and xylem and the plant 
undergoes secondary growth. As the vascular cambium grows, in a diarch root such as 
tomato, two bands meet with the pericycle and together girdle the xylem core. The 
activation of the vascular cambium is the point of activity for secondary growth. The 
vascular cambium acts as a meristematic tissue to increase the circumference of the root. 
The water conducting elements or tracheary elements are made of two cell types, 
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tracheids and vessel members and are dead upon maturity. The phloem becomes 
dispersed within the cambial tissue. During the activation of secondary growth the xylem 
core increases in diameter, pushing the endodermis, pericycle and cortex to the outer 
edge where it will eventually be crushed and slough off in the soil (Esau, 1960).  
Tracheids are imperforate cells with water flowing between the bordered pit-pairs 
that connect them. Vessel members have perforations with apertures at one or both ends 
of the cell as well as pits to allow water to flow freely. Vessels are a collection of vessel 
members joined end to end. The tracheary cells closest to the pericycle are the first to 
mature but remain the narrowest, named protoxylem (primary growth) with cell wall 
thickenings that are annular to helical in structure. In the center, the metaxylem elements 
begin to form with increasing vessel diameter as the vascular cylinder becomes more 
distant from the root apical meristem (Esau, 1960).  
A cross section of a root from HA7996 was used to create a model showing 
different root cell-types and tissues of a root 24 days after germination (Fig. 1.1). At this 
stage, secondary growth of the cambial tissue is apparent. In this section it is unclear if 
any epidermal tissue remains attached to the external surface of the root. The xylem is a 
complex tissue composed of multiple cell types interspersed with each other: parenchyma 
cells (living), tracheids (non-living) and vessels (non-living). Approximate regions were 
used because cells become interspersed during secondary growth and identification of a 
specific cell type is difficult.  
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1.4 Lateral Root Development 
Lateral roots are branches that extend from the primary root, and are a major 
component of root architecture. Lateral roots explore the surrounding soil and enhance 
the plant’s ability to respond to the envioronment. Lateral root formation can be broadly 
generalized into 5 steps: lateral root priming, lateral root initiation, lateral root primordia 
formation, lateral root meristem outgrowth/emergence and lateral root elongation 
(Malamy & Benfey, 1997). The first three stages impact the number and orientation of 
lateral roots. In tomato, lateral root formation begins with specification of specific cells in 
the pericycle. These pericycle cells are located at the xylem poles. Once the pericycle is 
initiated a lateral root primordia is formed and will push through the surrounding tissue of 
the cortex and epidermis. After the lateral root has emerged, it will elongate. 
Auxin plays a major role in lateral root development and is the key factor in 
specifying the pericycle cells that become lateral roots. R. solanacearum is frequently 
found colonizing the lateral root primordia (Vasse, 1995), or lateral root-like structures 
that occur on petunia plants inoculated with R. solanacearum (Zolobowska & Van 
Gijsegem, 2006).  
Like lateral roots, adventitious roots are lateral branches. However, adventitious 
roots emerge from the stem and are therefore shoot-borne roots. They can form either as a 
result of a normal developmental program or can be induced in propagation by wounding 
or applications of hormones (Bellini et al., 2014). For example, adventitious roots can be 
stimulated at preformed root initials (Jackson, 1985) during flooding stress (McNamara 
& Mitchell, 1990). 
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Because R. solanacearum enters the root in part through wounds created when 
lateral roots emerge, and because the pathogen can colonize lateral root primordia, we 
hypothesized that inoculated resistant plants had a different root architecture compared to 
susceptible plants. 
1.5 Conclusions 
The root is an important source of resistance to R. solanacearum, but the 
mechanisms that mediate this resistance are unknown. Because R. solanacearum 
colonizes the vascular cylinder, this region of the root may be key to resistance. 
Therefore the work in this thesis examined several different aspects of the root vascular 








Figure 1.1. Cross-section of HA root approximately 24 days after germination 
showing different root cell-types and tissues. Secondary growth from the cambial 
tissue is apparent. It is unclear if any epidermal tissue is present on this cross-
section. The xylem is a complex tissue composed of multiple cell types interspersed 
with each other: parenchyma cells (living), tracheids (non-living) and vessels (non-
living).  False coloring was added to image using Photoshop.
13
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CHAPTER 2.  MATERIALS & METHODS 
2.1 Introduction 
Plant histology is a powerful tool that enables a researcher to observe changes in 
plant tissues at specific time points during the developmental or infection process. 
Fixation of the sample is the most critical step in the histological process as it determines 
the quality of the section used for imaging. There are multiple recipes available for use in 
plant histology and understanding and modification of these recipes is essential in the 
fixation process. Jensen and the Ruzin provided basic recipes that were modified during 
this investigation (Jensen, 1962; Ruzin, 1999).Root Anatomy Experiment 
2.1.1 Seed Preparation 
Seeds were removed from mature fruit of the parent plants by squeezing fruit into 
clear water and sieving away debris. The seeds were surfaced sterilized with 15% bleach 
for 5 minutes, dried, packed in non-airtight envelopes and then stored in a small plastic 
container containing drierite desiccant. The containers were placed in the dark at 4° C 
until use. Hawaii (HA-7996) and T1 (CRA-66) are the two resistant cultivars and West 
Virginia (WVa-700) and T2 (Okitsu) are the two susceptible cultivars used in this study. 
Five replications of Hawaii (HA) and West Virginia (WV) and three replications of 




2.1.2 Stratification & Scarification 
Seeds were placed in falcon tube with a 30% bleach solution and oscillated for 5 
minutes. The seeds were then rinsed 8 times with distilled water or until the bleach aroma 
could no longer be detected. The seeds were then placed in clean ddH2O water and placed 
at 4° C overnight. 
2.1.3 Plant growth and Ralstonia solanacearum (K60) culture and infection 
Seeds were planted at 0.5 to 1 mm depth in rectangular containers (plug flats, 36 
cell inserts) each containing 25g – 27g of Propagation Mix by Sun Gro Horticulture. The 
propagation mix was comprised of 55% - 56% Canadian Sphagnum peat moss, 
vermiculite, dolomite lime, wetting agent and 0.0001% Silicon Dioxide (SiQ2) from 
calcium silicate.  
Plants were grown in greenhouse from August 2015 to March 2016 with 
supplemental lighting from high-pressure sodium lamps for 12 hours during daylight 
hours. Trays were put under humidity domes until germination at which time the domes 
were removed. The seedlings were bottom watering and fertilized with Peters Excel 15-5-
15 Cal-Meg Special (15% Nitrogen (N), 5% Phosphate (P2O5), 15% Potassium (K2O)) 10 
days after germination.  
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The K60 strain of Ralstonia solanacearum was streaked and grown on Casamino 
acid-Peptone-Glucose (CPG) medium plates and placed in a 28° C incubator for 48 
hours. Bacterial colonies were scraped from plates and resuspended in sterile ddH2O. The 
bacterial concentration was determined by an optical density reading, OD600nm = 0.1 as 1 
x 108 Colony Forming Units per milliliter (CFU/ml). Performed titer plates were used to 
confirm CFU/ml density. 
Tomato plants at the three-leaf stage were either inoculated (I) with R. 
solanacearum, K60 strain (1.0 x 108 cfu/ml) or soaked in sterile ddH2O (MI - mock-
inoculated). Seedlings were transferred to a 10” x 14” plastic container and inoculum was 
then poured into the container so that it came up to root-shoot junction and allowed to 
soak for 5 minutes. Seedlings were transferred back to their rectangular containers and 
placed into a Conviron growth chamber under light conditions for 16 hours at 28°C, 
relative humidity (RH) of 77% and 100 u lumen/second. For the remaining 8 hours plants 
were left in the dark at a temperature of 28°C and RH of 70%. 
2.1.4 Sample Collection 
Mock inoculated tomato plants were collected at the three-leaf stage (approx. 15 
days after planting) that represented 0 hours post inoculation (hpi). Mock inoculated (MI) 
and R. solanacearum inoculated (I) plants samples were taken at 24, 48, 72 and 144 hpi.  
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The majority of the soil was removed from the root zone via a series of water dips 
using an up and down motion. Plants were placed in a shallow container of distilled water 
and the remainder of soil was brushed from roots using a 1-inch paintbrush in a parallel 
fashion careful not to damage the primary roots. The plants were transferred to a labeled 
storage container filled with water covering the root zone to ensure the roots did not dry 
out.  
Under a dissecting scope the stem was severed from the root at the root-shoot 
junction in a perpendicular cut using a fresh double edge razor blade (Personna Stainless 
Steel “PTFE coated at .004 thickness). The root-shoot junction was determined by the 
color change between the stem and the root, and to the distinct line of trichomes present 
at the base of the stem. The lateral roots were removed from the primary root using 
MicroPoint Scissors leaving approximately 0.5 to 1 mm of lateral root material attached. 
Roots were then perpendicular cut (cut 1) with a fresh double edge razor blade at a 
distance of 2.5 cm from the root-shoot junction (where the dense line of trichomes 
appear). Measuring 2 mm from cut 1 (cut 2) back towards the root-shoot junction another 
perpendicular cut was made (Fig. 2.1). 
2.1.5 Fixation (Killing & Preserving) 
The 2 mm root samples were transferred to a 20 ml scintillation vial with 5 ml of 
fresh 1.5% Glutaraldehyde/2% Formaldehyde in a 0.1 M Cacodylate buffer fixative 
solution using forceps. Careful attention was made to ensure no pinching pressure was 
applied to the root. Instead the cohesive properties of water helped adhere the root 
sections to the forceps and transfer them to the fixative solution. The 2.4 cm sample 
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(between cut 1 and cut 3) was placed into a labeled 50 ml falcon tube containing 70% 
ethanol and stored in 4° C refrigerator until processing at a later date for the root 
architecture experiment. The scintillation vial with the 2 mm sample was then placed in a 
polycarbonate vacuum desiccator on low vacuum pressure for 2 hours. It is important to 
note that cuts should be administered immediately prior to submersion into fixative in 
order to minimize cellular changes before the killing fixative can take effect. At the end 
of two hours the vacuum pressure was slowly released on the scintillation vials. The 
fixative was removed from the vials and rapidly replaced with a rinsing solution of 0.1 M 
Cacodylate buffer. The samples were not allowed to dry out at any time. Small amounts 
of fixative solution remaining around the tissue will be of little consequence once diluted 
in new solution. The scintillation vials were placed under low vacuum pressure for 15 
minutes. The rinsing procedure was performed a total of three times. 
2.1.6 Dehydration 
Under low vacuum pressure a gradual dehydration of specimens was performed. 
15 minutes was used for each dehydration step. Solutions used in this series were 20% 
Ethanol (EtOH), 50% Ethanol (EtOH), TBA I and TBA II. The TBA II solution was then 
changed to TBA III and placed under low vacuum pressure for 15 minutes. After the 
allotted time the vacuum pressure was shut off but kept attached with pressure inside for 
a minimum of four hours (and often overnight). Because the tissue was so small it was 
often hard to locate once embedded in paraffin. To assist in locating the tissue TBA IV 
was made with 0.1% Safranin O stain. After removal of TBA III, TBA IV with 0.1% 
Safranin O stain was added to the sample. Sample was replaced under low vacuum 
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pressure for 15 minutes. Vacuum pressure was shut off but kept attached with low 
pressure inside for a minimum of four hours. Samples were dehydrated using the same 
method for TBA IV and V under low vacuum pressure for 15 minutes and shutting off 
vacuum pressure while keeping it attached with low pressure inside for a minimum of 
four hours. After removal of the TBA V, it was replaced with 100% TBA. Scintillation 
vials were capped and placed on top of paraffin oven overnight as TBA is solid at 25.5° 
C. The entire process was repeated two more times. 
2.1.7 Infiltration 
The solution in the vial was replaced with enough fresh 100% TBA to cover all 
the tissue and liquid paraffin (melted Paraplast X-tra) was added to fill vials. Since the 
TBA will evaporate from the vial by pulling the paraffin into the tissue, it is essential to 
ensure that you have more paraffin to TBA ratio. The vials were recapped and place into 
paraffin oven set to 56°C and let sit overnight or until melted. Once 100% TBA/paraffin 
mixture had completely liquefied, the vials were gently swirled to ensure mixing of the 
TBA/paraffin uncapped and put back into the paraffin oven for a minimum of 24 hours. 
After 24 hours, the paraffin was removed from vials and replaced with fresh molten 
paraffin two more times with at least 24 hours between changes. 
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2.1.8 Embedding 
A glass petri dish was placed on a standard hot plate at between 80°C - 100°C. 
Scintillation vial was removed from paraffin oven and the contents of scintillation vial 
were poured into the glass petri dish. Fresh melted paraffin wax was poured into a labeled 
Peel Away Disposable Embedding Mold. The tissue was then arranged in the desired 
orientation taking care not to apply any pressure to the specimen during this process. 
Sample was set aside and left to cool at room temperature for 24 hours. 
2.1.9 Mounting Specimen Blocks 
A Tissue-Tek® Embedding Ring was labeled with a specimen identification 
number. The disposable embedding mold was removed and the specimen was oriented so 
that it would be on top of block. Excess paraffin was removed so that the area of the 
block would situate itself into the embedding ring. Block was set into a plastic hexagonal 
weigh boat and melted paraffin wax was poured into any gaps seen between embedding 
ring and specimen block. Sample was cooled at room temperature for 2 hours. Excess 
paraffin around block base was removed. Using a standard wood burning tool with a 
flathead attachment, paraffin was melted where the specimen block meets the embedding 
ring ensuring a solid adhesion. Specimen was cooled at room temperature for 2 hours. 
2.1.10 Trimming Blocks 
A single edge carbon steel razor blade with a .009” thickness was used to trim 
around specimen creating a tapered trapezoid being careful to leave a little paraffin 
around specimen to enable a ribbon to form. 
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2.1.11 Sectioning 
A Leica/Reichert 2035 Microtome with Tissue-Tek® Accu-Edge® Disposable 
High Profile Microtome Blades was used to cut samples at a thickness of 7 μm. After the 
sectioning a ribbon of 10 to 15 sections, several drops of ddH2O were added atop a 3 in x 
1 in Rite-On™ Microslides and the ribbon was placed atop the water with its shiny side 
down. Slides were then allowed to dry (4 hours to overnight) and then placed in a 
horizontal glass slide rack that had an open bottom.  
2.1.12 Deparaffination, Rehydration, Staining and Dehydration 
In a chemical fume hood, a series of solutions was used to deparaffinize, 
rehydrate, stain and then dehydrate once again. The slide rack was placed in a coplin 
staining jar for 5 minutes. The following solutions were used: 100% xylene, 50% 
xylene/50% EtOH, 100% EtOH, 50% EtOH, aqueous 0.05% Toluidine Blue stain (10 
minutes), 50% EtOH, 100% EtOH, 50% xylene/50% EtOH and 100% xylene. 
2.1.13 Mounting Slides 
Forceps were used to remove a slide from xylene, the slide was placed on a flat 
surface with two drops of Permount™ Mounting Medium on slide surface. A 22 mm x 50 
mm cover glass was placed onto surface and let dry for 10 minutes. Two glass vial shells 
(2 dram - 7.4ml) were place on top of glass to weight glass cover flatly onto slide and 
allowed to dry for 24 hours in the chemical fume hood. 
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2.1.14 Imaging 
Light microscope images were captured on an Olympus BX43 upright microscope 
with a SPOT Idea 5.0 Mp Color Digital CMOS camera. 
2.1.15 Measurement 
Calculation of dimensions from the microscope images was performed using a 
micrometer to determine the number of pixels in 10 μm; 4x – 8.6683 pixels, 10x – 
21.6897 pixels, 20x – 45.167 pixels, 40x – 91.2276 pixels and 100x – 232.6108 pixels.  
ImageJ software was used to measure the area of the vascular cylinder by locating 
the endodermis layer and outlining the inner tissue boundary. The color threshold tool 
was then used to outline the cell walls. The magic wand tool was used to select the 
tracheary element to be measured and the Region of Interest (ROI) tool was used to 
determine the area. Our experimental data measured the 5 largest lignified tracheary 
elements areas (Fig. 2.2). 
2.2 Scanning Electron Microscope 
Some paraffin-embedded samples were de-paraffinized and processed further to 
allow viewing of samples at higher resolution in the SEM (Webb & Arnott, 1983). 
Paraffin samples were cut at 30 μm, placed on a drop ddH2O situated atop a 25 mm 
circular coverslip, and allowed to dry for 4 hours. After drying, the samples were then 
deparaffinized in 100% fresh xylene for 5 minutes, then repeated 3 additional times. 
Samples were allowed to dry (30 seconds) then placed on a 25.4 mm aluminum slotted 
specimen mount with double sided tape. A line of silver conductive coating was laid 
23 
down between the pin and the top of the coverslip. Samples were then sputter coated 
using a Cressington turbo-pumped sputter coater. SEM samples were viewed using a FEI 
NOVA nanoSEM Field Emission Scanning Electron Microscope under high vacuum 5.00 
kV, Spot Size 3.0 and an Everhart Thornley detector (ETD) for imaging.  
2.3 Root Architecture Experiment 
The 2.4 cm root samples (Fig. 2.1) that had been stored in 50 ml falcon tube 
containing 70% ethanol at 4° C were used for this experiment. The 70% EtOH was 
discarded and replaced with ddH2O for 30 minutes at room temperature. This removed 
the hydrophobic response when the tissues were placed into staining solution. Cleaned 
roots were placed into 0.05% Toluidine Blue stain for 30 seconds and washed six times 
with ddH2O at 5-minute intervals.  
Labeled square petri dishes were place onto the Epson Flatbed Scanner and filled 
with ddH2O. The stained samples were then placed into corresponding petri dish and 
scanned at 400 dpi. Samples were then returned to the falcon tube containing ddH2O and 
examined using the dissecting microscope. Roots were sliced longitudinally from root-
shoot junction to bottom cut with a double edge razor blade. Forceps were used to grasp 
the root and an extended needle was used to locate lateral roots and roots were counted.  
Figure 2.1. Example of tomato root tissue used in experiments. A. Example of 
2.5 cm of root tissue used in our experiments. B. Illustration of regions used in our 
experiments. A perpendicular cut was made 2.5 cm from the root-shoot junction (cut 
1). Another perpendicular cut was made 2 mm above cut 1 (cut 2). The 2 mm tissue 
(T) was then placed in vial containing fixative for the root anatomy experiment. The 
(RA) tissue was used for the root architecture experiment where number of emerged 














Figure 2.2. Demonstration of how tracheary element size was calculated using 
imageJ software. The total area of the vascular cylinder area was measured along 
with the larger xylem tracheary elements. The area of the top 5 largest tracheary 
elements was used to calculate the average tracheary size. 
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CHAPTER 3.  RESULTS 
3.1 Introduction 
The goal of this research was to investigate the role of root anatomy and root 
architecture in resistance to R. solanacearum. I hypothesized that: 1) the size of 
tracheary elements in resistant varieties would differ from that in susceptible 
varieties, 2) resistant varieties would have a delay in the onset of bacterial 
colonization of the root vascular cylinder, 3) the regions of bacterial distribution 
within the root vascular cylinder would differ compared to the susceptible varieties, 
and 4) the root architecture of resistant varieties would be altered after inoculation 
with R. solanacearum. To address these hypotheses I used a histological approach.  
For this work I used four tomato varieties shown in Figure 3.1. Hawaii 
HA7996 (HA) and CRA-66 (T1) are the two resistant cultivars and West Virginia 
WVa700 (WV) and Okitsu (T2) are the two susceptible cultivars used in this study. 
Mock-inoculated (MI) and inoculated (I) plant varieties were sampled at 144 hpi. 
Figure 3.1A-D shows a side-by-side comparison depicting tomato phenotypes of R. 
solanacearum inoculated varieties and mock-inoculated varieties at 144 hpi. The 
resistant variety HA-I and T1-I do not show wilting at 144 hpi while the susceptible 
WV-I and T2-I show wilting of the aerial portion of the plant.  
27 
My results, described in detail below, show that bacteria colonize the root 
vascular cylinder of resistant HA variety differently and at a later time point than the 
susceptible WV. I also found that the resistant HA variety had significantly larger 
tracheary elements than that of the susceptible varieties. Finally, I observed that the 
HA variety does alter its root architecture at 144 hours after inoculation with R. 
solanacearum. 
3.2 Root Anatomy 
3.2.1 Resistant HA variety of tomato have larger xylem tracheary elements 
I hypothesized that resistant varieties would have larger tracheary elements 
than susceptible varieties to aid in resistance to a bacterial invasion. Larger tracheary 
elements may allow water transport to the aerial portions of the plant thus reducing 
wilting incidence even in the presence of bacteria. 
Measurement of the average area of tracheary elements in HA-MI (Fig. 3.2A), 
WV-MI (Fig. 3.2B), T1-MI (Fig. 3.3A) and T2-MI (Fig. 3.3B) was completed using 
the ImageJ software (see materials and methods). Statistical analysis shows 
significant differences in the area of tracheary elements between varieties (Fig. 3.4). 
The resistant HA-MI variety had larger xylem tracheary elements than the susceptible 
varieties WV-MI and T2-MI at 144 hpi. Tracheary elements of the resistant T1-MI 
were not significantly different than that of HA-MI, WV-MI or T2-MI. The variation 
in the tracheary elements for T1-MI could be due to fewer replicates in this variety. 
Additional analysis with more replicates may reduce the standard error and show a 
clearer difference between the other varieties. 
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3.2.2 Bacteria are distributed differently within the vascular cylinder in resistant 
and susceptible plants 
Another hypothesis for my research was that plant resistance could be a result 
of differences in the distribution of bacteria within the vascular cylinder. If R. 
solanacearum is localized to specific areas within the root tissue this could minimize 
the transfer of bacteria to other regions of the plant thus reducing wilt incidence. To 
test this, I used scanning electron microscopy to view distribution of bacterial 
colonization within the root with paraffin fixed tissue samples at 24, 72 and 144 hpi.  
HA-I 
At 24 hpi, bacteria are not observed within the tracheary elements of the 
vascular cylinder, but are found on the surface of the root (Figure 3.5). Figure 3.5A 
shows a root cross-section of HA-I. The red box indicates the magnified view of 
tracheary elements within the vascular cylinder shown in Fig. 3.5B. Figure 3.5 C is a 
magnified image of the yellow box seen in figure 3.5A and shows the root external 
surface with bacteria present (Fig. 3.5C). The red arrow is pointing to an example of 
bacteria. These data show that at 24 hpi R. solanacearum does not colonize the 
vascular cylinder of the root but is present on the external surface. 
At 72 hpi, I observed masses of bacteria present in several tracheary elements 
(Fig. 3.6A) of HA-I. Closer magnification (the red box shown in Fig 3.6B) shows 
bacteria colonization in detail of several tracheary elements (Fig. 3.6B). A magnified 
view of the yellow box seen in 3.6A shows a large xylem vessel with bacteria lining 
the cell wall with many not directly attached to it (Fig. 3.6C).  
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At 144 hpi, the tracheary elements of HA are colonized with bacteria. 
However, their distribution is restricted to a smaller area of the vascular cylinder (Fig. 
3.7A). Figure 3.7B shows a magnified view of red box in 3.7A. This magnified image 
reveals colonies of R. solanacearum in the metaxylem located between the two 
protoxylem poles. The bacteria are forming a mass within the tracheary elements but 
are mostly not adhering to the cell walls (Fig. 3.7B). 
These data show that R. solanacearum colonizes the vascular cylinder by 72 
hpi and that colonization increases by 144 hpi. 
WV-I 
As shown in Figure 3.8, R. solanacearum colonization is observed in the 
vascular cylinder of WV-I at 24 hpi. The WV-I root cross section in Fig. 3.8A shows 
a red box magnified in Fig. 3.8B. The magnified view shows unattached R. 
solanacearum colonizing the tracheary elements. Figure 3C is a magnified view of 
the highlighted yellow box from Figure 3.8A. This shows R. solanacearum 
colonizing the external root surface and cortical cells (Fig. 3.8C).  
At 72 hpi, multiple tracheary elements within the vascular cylinder of the 
WV-I root are lined with bacteria attached to the cell walls (Fig. 3.9A). The red box 
from 3.9A shows bacteria directly attached to the cell wall of a neighboring xylem 
parenchyma cell (Fig. 3.9B). Magnified view of yellow box from Figure 3.9A shows 
a tracheary element with bacteria lining the cell walls (Fig. 3.9C). Several of the 
bacteria appear to have undergone binary fission as indicated by the red arrow.  
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At 144 hpi, large amounts of bacteria are observed in the root cortex cells of 
WV-I (Fig. 3.10A). In Figure 3.10B, the red box from 3.10A is magnified and large 
masses of bacteria can be observed within the cells of the root cortex (Fig. 3.10B). A 
magnified view of the yellow box from 3.10A shows bacteria lining a tracheary 
element next to pit membranes (Fig. 3.10C). 
Together these data show that R. solanacearum colonizes the vascular 
cylinder of the susceptible variety WV-I at 24 hpi, but at this same time point in the 
HA resistant variety, bacteria are only found on the external surface of the root. At 72 
hpi, R. solanacearum colonizes tracheary elements of both the HA resistant and 
susceptible variety. At 144 hpi, restriction of bacterial colonization is observed in the 
root vascular cylinder of the HA resistant variety compared to the WV susceptible 
variety. These data suggest that resistance is due both to a delay in bacterial 
colonization of the root vascular cylinder and a restriction of the vascular cylinder 
area colonized by R. solanacearum.  
3.2.3 Bacteria colonize the root vascular cylinder of resistant plants at 48 hpi 
R. solanacearum was not found in the resistant HA-I vascular cylinder at 24 
hpi but was by 72 hpi. To have a better understanding of when the bacteria entered 
the root vascular cylinder, I used light microscopy to capture bacterial invasion into 
the vascular cylinder at five time-points (0, 24, 48, 72, 144 hpi) after infection in HA-
I and WV-I. 
First, confirmation was needed to be certain that the mass of rod shaped 
organism observed with the light microscope were in fact R. solanacearum 
colonization (Fig. 3.11A-C). I confirmed R. solanacearum colonization within the 
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root by taking R. solanacearum K60 from pure culture and streaking it onto a glass 
slide followed by staining with 0.05% toluidine blue. A glass coverslip was applied 
and then the edges were sealed with clear nail polish to restrict any spread of the 
bacteria. The slide was then viewed in a light microscope at 100x magnification (Fig. 
3.11D). Rod shaped bacterial bodies were seen similar to those in figures 3.11A-C. 
Paraffin fixed R. solanacearum were viewed in the SEM attached to the walls of 
xylem tracheary elements (Fig. 3.11E) or released from paraffin embedded tissue 
(Fig. 3.11F). Together, these data confirmed that the masses observed in root sections 
using light microscopy were R. solanacearum colonies. 
Figure 3.12 shows a time course of 0-144 hpi using light microscopy. These 
light microscope data confirm that bacteria colonize vascular cylinder more slowly in 
the HA resistant variety. The red star in Figure 3.12 marks locations where bacteria 
were found within the root at 0, 24, 48, 72 and 144 hpi. HA-I (Fig. 3.12A) and WV-I 
(Fig. 3.12B) at 0 hpi are free of bacteria colonization in the xylem. As seen with 
SEM, bacteria are not present in the vascular cylinder of HA-I resistant variety at 24 
hpi (Fig. 3.12C) but are present in the larger tracheary elements of the WV-I at 24 hpi 
(Fig. 3.12D). The light microscopy shows that bacteria are beginning to line the walls 
of the tracheary elements in HA-I at 48 hpi (Fig. 3.12E) whereas in WV-I several 
large masses of bacteria are already seen within the tracheary elements at this time 
point (Fig. 3.12F). Consistent with the SEM results at 72 hpi, both HA-I and WV-I 
show an increase in bacteria numbers within the vascular cylinder (Fig. 3.12G) 
compared to 48 hpi. WV-I increase in the number of tracheary elements that are 
colonized (Fig. 3.12H) to include large and smaller tracheary elements. At 144 hpi in 
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HA-I, the central portion of the xylem has blocked tracheary elements mainly in the 
metaxylem between the protoxylem poles (Fig. 3.12I). WV-I has tracheary elements 
containing bacteria as well as the cortical cells (fig. 3.12J).  
These data show that R. solanacearum enters the vascular cylinder of the 
resistant HA variety between 24 and 48 hpi.  
3.2.4 Additional resistant and susceptible lines were examined to test whether the 
pattern of colonization was specific to the resistant variety HA 
To examine whether the pattern of colonization in the resistant variety HA 
was similar in other resistant varieties, I used light microscopy to examine bacterial 
colonization in the resistant CRA-66 (T1) and susceptible Okitsu (T2) at 0, 72 and 
144 hpi (Fig. 3.13). No colonization was seen at 0 hpi for either resistant T1-I (Fig. 
3.13A) or susceptible T2-I (Fig. 3.13D). At 72 hpi, the area of the vascular cylinder 
colonized by R. solanacearum appeared larger in T1-I roots (Fig. 3.13B) while the 
susceptible T2-I had a smaller area colonized (Fig. 3.13E). At 144 hpi, the resistant 
T1-I showed colonization of the tracheary elements in the vascular cylinder along 
with colonization of the cortical cells (Fig. 3.13C) while colonization in the vascular 
cylinder of susceptible T2-I had increased in area (Fig. 3.13F). These data show that 
colonization of the resistant variety T1-I appears to be different than HA-I.  Neither 
T1 nor T2 were investigated with SEM.  
3.2.5 Distribution of R. solanacearum in the stem differs between resistant HA-I 
and susceptible WV-I 
We examined whether the restricted distribution of R. solanacearum observed 
in the vascular cylinder of tomato roots was also found in the stem of the resistant 
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variety HA. The pattern of bacterial colonization was observed in the hypocotyl of 
HA-I and WV-I at 144 hpi. The distribution was similar in both the SEM and with 
light microscopy. In HA-I, R. solanacearum colonization was restricted to the larger 
xylem tracheary elements (Fig. 3.14A, 3.15A). In contrast, bacteria colonization in 
WV-I was observed in the xylem tracheary elements as well as the parenchyma cells 
in the pith (Fig. 3.14B, 3.15B). These data show that, like in the resistant root 
vascular cylinder, bacterial colonization is restricted in the stem of the resistant 
variety. 
3.3 Root Architecture 
3.3.1 Root architecture of resistant HA-I differs from that of other varieties 
Emerged lateral roots were counted under a dissecting scope from the root-
shoot junction to 2.4 cm below (Fig. 3.16). The percent change of emerged lateral 
roots was calculated by comparison of inoculated to mock-inoculated (Fig. 3.17). 
Emerged lateral roots increased nearly 29.67% in inoculated resistant HA compared 
to mock-inoculated HA roots. The other three varieties, resistant T1, and susceptible 
WV and T2 all had a suppression of emerged lateral roots after inoculation. These 
data suggest that changes in root architecture may be important for resistance in HA.  
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3.4 Results Summary 
In summary, we found that the resistant HA-MI variety of tomato has larger 
xylem tracheary elements. Not only did we observe that the distribution of bacteria 
differs in resistant HA-I compared to the susceptible WV-I variety but bacterial 
colonization is delayed in HA-I varieties. In the resistant HA-I variety, colonization is 
restricted to fewer tracheary elements and surrounding parenchyma cells, while the 
susceptible WV-I variety has more colonization of cortical tissues. Furthermore we 
saw that the distribution of bacteria differs in hypocotyls of resistant HA compared to 
that of the susceptible WV hypocotyl. Finally, resistant HA increases its lateral root 
growth approximately 30% six days after inoculation with R. solanacearum. 
Together, these data suggest that resistance in HA is likely due to a combination of 
factors, including delayed and restricted bacterial colonization in the root vascular 
cylinder, and an increase in lateral root emergence after inoculation. 
Figure 3.1. Bacterial wilt disease tomato phenotypes at 144 hours post 
inoculation (hpi). Mock-inoculated (A-B) and inoculated (C-D). Wilting was 
observed in the susceptible varieties (C-D). T1 displays some stunting but there is 
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Figure 3.2. Comparison of primary root anatomy of HA-MI and WV-MI at 


























Figure 3.3. Comparison of primary root T1-MI and T2-MI at 144 hpi. The scale 

































































Comparison of Xylem Tracheary Elements





Figure 3.4. Comparison of mock-inoculated root tracheary element average 
area between tomato varieties at 144 hpi. The area of five largest xylem tracheary 
elements was measured using imageJ (see materials and methods). One-way 
ANOVA showed that variety was significant at p < 0.05, and differences between 
varieties were determined by Tukey’s test at a p<0.05. Varieties with the same letter 
above them are not significant at p<0.05. Statistical analysis was performed on log 
transformed vessel size values in order to meet homogeneity of variance assumption 
for ANOVA. Statistical analysis was done by Elizabeth French in Dr. Iyer-
Pascuzzi’s lab.
Level -Level Difference Std Err Dif Lower CL Upper CL p-Value
HA T2 0.838351 0.253417 0.15056 1.526144 0.0121 ++++++++
HA WV 0.697258 0.216115 0.11071 1.283809 0.0149 +++++++
T1 T2 0.674844 0.253417 -0.01295 1.362636 0.0560 ++++++
T1 WV 0.533750 0.216115 -0.05280 1.120301 0.0849 +++++
HA T1 0.163508 0.226663 -0.45167 0.778688 0.8878 ++
WV T2 0.141094 0.244028 -0.52122 0.803404 0.9379 +
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Figure 3.5. SEM cross-sections of HA-I at 24hpi.  A. Root cross-section of HA-I at 24 hpi.  B. Magnified view of red square from 
3.5A showing tracheary elements in the vascular cylinder of HA at 24 hpi.  No bacteria were observed in the tracheary elements or 
xylem parenchyma cells.  C. Magnified view of yellow box from 3.5A showing bacteria (red arrow) present on external surface of 







Figure 3.6. SEM cross-sections of HA-I at 72 hpi.  A. Root cross-section of HA-I at 72 hpi.  B. Magnified view of red box seen in 
3.6A showing bacteria masses in the smaller tracheary elements but mostly lacking attachment to the cell wall. C. Magnified view 
of yellow box from 3.6A shows a large tracheary element with bacteria along the wall but not attached to it. Arrow=Bacteria, 






Figure 3.7. SEM cross-sections of HA-I at 144 hpi. A. Root cross-section of HA-I at 144 hpi. B. Magnified view of red box seen in 
3.7A showing colonies of R. solanacearum in the metaxylem located between the protoxylem poles. The bacteria are forming a mass 







Figure 3.8. SEM cross-sections of WV-I at 24 hpi.  A. Root cross-section of WV-I at 24 hpi.  B. Magnified view of red box seen in 
3.8A showing mostly unattached R. solanacearum populating tracheary elements. C. Magnified view of yellow box from 3.8A 








Figure 3.9. SEM cross-sections of WV-I at 72 hpi.  A. Root cross-section of WV-I at 72 hpi.  B. Magnified view of red box seen in 
3.9A showing bacteria mostly attached to the walls of the tracheary elements. C. Magnified view of yellow box from 3.9A showing 








Figure 3.10. SEM cross-sections of WV-I at 144 hpi.  A.  Overview of WV-I root with large amounts of bacteria in cortex cells.  
B. Magnified view of red box seen in 3.10A showing a large mass of bacterial cells within a cell.  C. Magnified view of yellow box 







Figure 3.11. Confirmation of R. solanacearum colonization within the root. A-
C. R. solanacearum colonizes a xylem tracheary element of inoculated HA-I at 144 
hours post inoculation (hpi), 100x magnification. D. R. solanacearum K60 isolated 
from a petri dish and streaked onto a glass slide followed by staining with 0.05% 
toluidine blue. The rod shaped bacterial bodies were seen at 100x magnification. 
E. Scanning electron microscope (SEM) images of inoculated WV-I at 72 hpi show 
bacteria colonizing xylem vessels. F. R. solanacearum released from deparaffinized



























Figure 3.12. Comparison of bacterial colonization of HA-I and WV-I at 0, 24. 
48, 72 and 144 hpi with light microscopy.
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Figure 3.12. Comparison of bacterial colonization of HA-I and WV-I at 0, 24, 48, 72 
and 144 hpi with light microscopy. Light microscopy was used to investigate if 
bacteria colonized the HA-I root at a slower rate than that of WV-I. This was done by 
marking locations with red star in locations bacteria were found within the root at 0, 24, 
48, 72 and 144 hpi. A-B. HA-I (A) and WV-I (B) at 0 hpi are free of bacteria 
colonization in the xylem tissue. C. Bacteria are not present in the vascular cylinder of 
HA-I resistant variety at 24 hpi. D. Bacteria are present in the larger tracheary elements 
of the WV-I at 24 hpi. E. Bacteria are beginning to line the walls of the tracheary 
elements in HA-I at 48 hpi. F. In WV-I at 48 hpi, several large masses of bacteria are 
seen within the tracheary elements. G. At 72 hpi, HA-I shows an increase in bacteria 
numbers within the vascular cylinder. H. WV-I increase in the number of tracheary 
elements that are colonized to include large and smaller tracheary elements. I. At 144 hpi 
in HA-I, the central portion of the xylem has blocked tracheary elements mainly in the 
metaxylem between the protoxylem poles. J. At 144 hpi, WV-I has tracheary elements 































Figure 3.13. Comparison of bacterial colonization of T1-I and T2-I at 0, 72 and 144 hpi with light microscopy. A. T1-I at 0 hpi 
is free of bacteria colonization in the xylem. B. At 72 hpi, a large number of tracheary elements in T1-I roots are colonized with 
bacteria. C. At 144 hpi, the resistant T1-I had high colonization of the tracheary elements in the vascular cylinder along with 
colonization of the cortical cells.  D.  T2-I at 0 hpi is free of bacteria colonization in the xylem. E. The susceptible T2-I at 72 hpi has 
a relatively small amount of tracheary elements colonized. F. The susceptible T2-I has increased the number of tracheary elements 










Figure 3.14. Magnified SEM cross-section of paraffin embedded hypocotyl comparing bacterial colonization of HA-I and 
WV-I at 144 hpi. A.  Colonization of HA-I is localized to the xylem tracheary elements.  B.  In WV-I, colonization was observed in 
the tracheary elements along with cells within the pith. P=Pith, C=Cortex, TE=Tracheary Element,      =Bacteria
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Figure 3.15. Cross-section of paraffin embedded hypocotyl comparing anatomical structure of HA-I and WV-I at 144 hpi with 
light micrographs. A. Bacterial colonization of the HA-I hypocotyl is localized to the xylem tracheary elements. B.  WV-I bacteria 
colonization is seen in the tracheary elements as well as the parenchyma cells within the pith. P=Pith, C=Cortex, TE=Tracheary 












Figure 3.16. Comparison of lateral root emergence of mock-inoculated and 
inoculated resistant and susceptible varieties at 144 hpi. Lateral roots were counted 
under a dissecting scope from the root shoot junction to 2.4 cm. A-B. At 144 hpi, HA-I 
(B) emergence of lateral roots increased in number compared to HA-MI (A). C-H. The 
remainder of the varieties did not show this increase in lateral root emergence after 



































Figure 3.17. Percent change in lateral root emergence of Inoculated/Mock-
Inoculated at 144 hpi by variety. Number of emerged lateral roots on the uppermost 
2.4 cm of primary root of resistant or susceptible plants 144 hours after soil 
inoculation with R. solanacearum or mock-inoculated with water. The percent change 
of emerged lateral roots was calculated by the ratio of inoculated to non-inoculated 
plants. Inoculated HA (resistant) plants had an increase of 29.67% in emerged lateral 
roots compared to mock-inoculated. The other three varieties show a suppression of 












HA T1 T2 WV










































CHAPTER 4.  DISCUSSION 
4.1 Introduction 
This work investigated the role of the root vascular cylinder in tomato 
resistance to R. solanacearum. Specifically, the objectives of this thesis were to test 
four hypotheses: first, that there are differences in the timing of colonization of the 
vascular cylinder in resistant plants, second that bacteria are distributed differently 
within the vascular cylinder of resistant plants, third that resistant plants have larger 
xylem vessels, and fourth that resistant and susceptible plants undergo different 
changes to root architecture after infection with R. solanacearum.  
We addressed the first three hypotheses using scanning electron (SEM) and 
light microscopy. We found that bacterial colonization of the vascular cylinder is 
delayed in inoculated resistant HA lines. The distribution of bacteria also differs in 
resistant HA compared to the susceptible WV variety. Colonization is restricted in the 
resistant HA variety to fewer tracheary elements and surrounding parenchyma cells 
while the susceptible WV variety have more colonization of cortical tissues. SEM 
showed that parenchyma cells in the susceptible WV variety collapse faster than in 
the resistant HA variety. The distribution of bacteria also differs in hypocotyls of  
resistant HA compared to that of the susceptible WV hypocotyl. Our work also 
showed that the resistant variety HA of tomato has larger xylem tracheary elements.  
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To address the last hypothesis, we examined lateral root structure using a 
stereomicroscope. We found that the production of lateral roots increases 
approximately 30% in resistant HA tomato plants six days after inoculation with R. 
solanacearum compared to the mock-inoculated control. 
4.2 Colonization 
4.2.1 Delay in bacteria colonization of the HA variety 
Light and scanning electron microscopy showed the progression of bacterial 
colonization of resistant and susceptible plant varieties. At 24 hpi, bacterial 
colonization of susceptible WV had increased enough to become visible in light 
micrographs. SEM showed a small amount of colonization of the WV root vascular 
cylinder and cortex, while heavy accumulation was observed on the external surface. 
Here, the external surface is either epidermal cells or cortex that is exposed after 
epidermal shedding that occurs as the roots grow through the rhizosphere. In HA at 
24 hpi, a small amount of bacteria accumulate on the external surface but areas of 
high colonization are not observed within the vascular cylinder or cortex. These 
results show that there is a delay in the bacterial colonization of the root xylem tissues 
in the resistant plant.  
In another study of R. solanacearum colonization of tomato, Vasse et al. 
found that at 24 hpi, bacterial colonization mainly occurs on the surface of the 
susceptible root at the extremities and axils of secondary roots (Vasse, 1995). After 
48-72 hpi plants had colonization in the cortex, and colonization of the vascular 
cylinder was observed after 72 hpi. This group did not observe colonization in a 
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resistant root. The differences between their study and the work here in the timing of 
colonization of the root vascular cylinder could be due to several factors. These 
include using a different susceptible cultivar and bacterial strain, as well as 
differences in the growth medium for tomato plants and the method of inoculation. 
Additionally, because this group only used light microscopy, they may have been 
unable to observe the low level of vascular cylinder colonization that we observed at 
24 hpi in susceptible WV.  
We examined additional resistant (T1) and susceptible (T2) tomato varieties to 
test if the patterns of colonization we observed in resistant HA and susceptible WV 
were variety specific. Surprisingly, bacterial colonization of resistant T1 plants as less 
restricted than in the resistant variety HA or the susceptible varieties WV or T2. This 
suggests resistant tomatoes have different root defense mechanisms that promote 
resistance to R. solanacearum.  
4.2.2 Distribution of bacteria within the root 
Our work showed that the distribution of bacteria in the resistant HA root is 
different than that in the susceptible variety WV. In the resistant HA variety 
colonization was restricted to a smaller area in the root vascular cylinder while the 
susceptible WV variety had more colonization of cortical tissues. Colonization of 
tissues in WV increased at 72 hpi to include multiple tracheary elements in vascular 
cylinder and cortical cells. At 72 hpi, bacteria in HA were observed colonizing 
smaller protoxylem, and xylem parenchyma cells are obstructed.  
In WV, the bacteria are attached to the cell walls of larger and small xylem 
tissue and obstruction appeared more dense in WV’s tracheary elements than in the 
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HA variety at 72 hpi. In HA, bacteria appeared to line the cell walls of large xylem 
vessels without attachment while neighboring cells can either be devoid of or 
obscured by bacteria. 
Localization of bacteria within the root central vascular cylinder allows for its 
vertical transfer but restricts its horizontal transfer. Vertical movement of bacteria 
through the axial system is characteristic of primary xylem and the secondary xylem 
moves in both axial and ray systems (Esau, 1960). Nakaho (2000) observed that in 
susceptible Ponderosa plants, bacteria traveled vertically (axial) and horizontally (ray 
system) within the vascular bundle of the hypocotyl, possibly through degenerated pit 
openings (Nakaho, Hibino, & Miyagawa, 2000).  
Similar to our work, in roots of a susceptible Arabidopsis accession, R. 
solanacearum was observed within intercellular spaces of the root cortex at 6 dpi 
(Digonnet et al., 2012), and colonization of the vascular cylinder was observed soon 
after that. Interestingly, Diggonet et al., used transmission electron microscopy to 
show that R. solanacearum often colonized the periplasm in Arabidopsis – the region 
between the cell wall and plasma membrane. Whether this occurs in tomato is not 
known.  
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4.2.3 Susceptible WV parenchyma cells collapse 
Secretions of cell wall degrading enzymes are an important virulence factor 
for R. solanacearum (Allen et al., 1997). Consistent with this, we observed that xylem 
parenchyma cells collapse in the susceptible WV variety but not in the resistant HA 
variety at the same time-point. Other groups have also observed cell wall degradation. 
For example, in Arabidopsis, R. solanacearum degrades the cell walls, allowing for 
further penetration of R. solanacearum (Digonnet et al., 2012) into the root. 
Cell wall degrading enzymes are secreted by the T2SS secretion system in R. 
solanacearum (Genin & Denny, 2012). The T2SS, together with the T3SS secretion 
system that transfers the bacteria’s proteins or effectors from the bacteria’s cytoplasm 
to the host cell cytoplasm, enables browning, necrosis and collapse of the stem. 
4.3 Architecture 
4.3.1 Root architecture of resistant HA-I differs from that of other varieties 
Restriction of R. solanacearum movement in HA reduces injection of cell wall 
degrading enzymes into the ray system, leaving the structural integrity of the stem 
intact. We observed a 30% increase in lateral root formation near the root-shoot 
junction of R. solanacearum inoculated HA plants at 144 hpi compared to mock 
inoculated HA plants. In both the susceptible varieties, WVa and T2, as well as a 
second resistant variety, T1, lateral root production was suppressed. T2 and HA have 
resistance that was introgressed from different wild species (Lebeau et al., 2011). 
These data suggest that an increase in lateral root production is a part of the resistance 
mechanism used by HA. 
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Currently, it is not clear how the increase in lateral root production may 
promote resistance in HA. However, since the primary root becomes necrotic and 
eventually dies, we speculate that the rapid onset of lateral roots offers the plant an 
architectural mechanism to circumvent diseased primary root tissue, rerouting water 
and oxygen to the plant.  
Whether the increase in lateral root emergence is a direct or indirect effect of 
R. solanacearum is not clear. It is possible that effectors from the T3SS could 
manipulate the lateral root machinery to suppress lateral root emergence in the 
susceptible line. Alternatively, hormones produced by R. solanacearum could alter 
lateral root emergence. Auxin and ethylene both regulated lateral root development, 
and both are produced by R. solanacearum. Susceptible and resistant tobacco plants 
were found to have large increases of IAA when infected with Pseudomonas 
solanacearum (Sequeira & Kelman, 1962), and plants infected with R. solanacearum 
show symptoms when disruption of the internal auxin pool cause a system imbalance. 
An increase in IAA levels can result in epinasty of the leaf, adventitious root 
formation, stunting, internal structural changes such as tyloses, vessel collapse and 
parenchyma proliferation (Buddenhagen & Kelman, 1964).  
However, the increase in lateral root emergence could also be due to changes 
in the primary root and thus indirectly to the pathogen. For example, in Arabidopsis, 
damage to the primary root can promote the production of adventitious roots at the 
root-shoot junction (Lucas et al., 2011).  
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Another possible mechanism for the increase in lateral root formation is an 
internal hypoxic environment. Experiments with flooding of tomato showed that 
tomato plants can adapt to this abiotic stress in a similar way (McNamara & Mitchell, 
1990). Damaging root conditions can develop in response to hypoxic environments. 
At the root-shoot junction of the stem, unrestricted access to oxygen allows rapid 
adventitious root formation. Dawood et al. (2014) found that root system Solanum 
dulcamara declines rapidly upon flooding and adventitious root primordia are 
activated within 24 hours to begin to replace the former roots and were visible by eye 
between the second and fourth day after flooding (Dawood et al., 2014). During 
infection with R. solanacearum, the oxygen levels inside the root xylem decrease 
(Dalsing, Truchon, Gonzalez-Orta, Milling, & Allen, 2015). This hypoxic 
environment may lead to stimulation of root branching. 
4.4 Area of Vessels 
4.4.1 Resistant HA variety of tomato have larger xylem tracheary elements 
Our hypothesis for this research was that anatomical differences between 
resistant and susceptible lines would differ and thus affect the susceptibility of that 
plant to the plant pathogen R. solanacearum. Calculating the average area the largest 
5 tracheary elements from we found that the size of the resistant HA and T1 was 
statistically different than that of the susceptible WV and T2. Visual data has 
confirmed that the root of HA is larger than that of WV. Larger root tracheary 
elements may increase the area in which bacteria are able to occupy. Bacteria would 
be dispersed in a much larger area and not able to aggregate to one another. 
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Although these data suggest that resistant plants have larger xylem vessels, 
additional work is needed with more resistant varieties to test whether there is a clear 
relationship between vessel size and resistance. 
4.5 Conclusions 
Together, our data reveal that root-mediated resistance in the HA variety both 
delays R. solanacearum colonization of the tomato vascular cylinder and restricts it to 
fewer vessels. Additionally, the HA variety prevents colonization of the cortex. 
Intriguingly, HA, which is highly resistant to many different R. solanacearum strains, 
alters its root architecture after infection to increase lateral root production. How this 
occurs, and what stage of lateral root development is affected will be the subject of 
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Appendix A. Delay in colonization seen between HA-I and WV-I in SEM at 24, 












Appendix A. Delay in colonization seen between HA-I and WV-I in SEM at 24, 72 
and 144 hpi. A. At 24 hpi, bacterial colonization is not seen in the vascular cylinder of 
HA-I. B. Bacterial colonization of 24 hpi WV-I is observed in the vascular cylinder, 
cortex and on the external surface of the root. C. At 72 hpi in HA-I, bacterial 
colonization can be observed in the xylem tissue within the vascular cylinder. The 
largest tracheary elements are free of large obstructions caused by R. solanacearum 
while smaller tracheary elements now are obstructed. D. WV-I has bacterial 
colonization seen in the vascular cylinder and cortical tissues at 72 hpi. Large 
obstructions can be seen in larger tracheary elements. E. At 144 hpi, HA-I’s larger 
tracheary elements are still unobstructed but the smaller tracheary elements are 
clogged with R. solanacearum. F. Large pockets of bacteria occupy the parenchyma 
cells in the cortex of WV-I at 144 hpi. C=Cortex, TE=Tracheary Elements,    =Bacteria
Appendix B. Comparison of primary root anatomical changes during 
development of HA-MI and WV-MI at 0, 72 and 144 hpi. Due to size differences 
in the vascular cylinder area of resistant and susceptible, different magnifications 
were needed to allow for visual clarity in measurement of tracheary elements. The 




















Appendix C. Comparison of primary root anatomical changes during development 
of T1-MI and T2-MI at 0, 72 and 144 hpi. Due to size differences in the vascular 
cylinder area of resistant and susceptible, different magnifications were needed to allow 
for visual clarity in measurement of tracheary elements. The scale bar is equivalent to 




















Appendix D. SEM cross-section of paraffin embedded hypocotyl comparing anatomical structure of HA-MI and WV-MI at 
72 hpi. A. Cross-section of hypocotyl of HA-MI at 72 hpi.  B.  Hypocotyl of WV-MI at 72 hpi.  Differences in vasculature structure 










Appendix E. Cross-section of paraffin embedded hypocotyl comparing anatomical structure of HA-MI and WV-MI at 144 hpi 
with light micrographs. A. Hypocotyl of HA-MI at 144 hpi.  B.  Hypocotyl of WV-MI at 144 hpi.  Differences in vasculature 
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a b s t r a c t
Bacterial wilt (BW), caused by Ralstonia solanacearum, is one of the most destructive bacterial diseases of
Solanaceous species worldwide. The species infects plants in more than 200 species and 50 families and
was ranked second in a list of the top 10 most scientifically and economically important bacterial plant
pathogens [1]. The molecular mechanisms underlying resistance and the functions of R. solanacearum
effectors are beginning to be uncovered, and much remains to be discovered. In this mini-review, we
provide a summary of host resistance and R. solanacearum virulence mechanisms, with a focus on
tomato.
© 2016 Elsevier Ltd. All rights reserved.
1. Introduction
Ralstonia solanacearum infects over 200 plant species
throughout the world, but is particularly devastating in the Sol-
anaceae [1,2,3]. The pathogen is soil-borne and thrives in hot, hu-
mid environments. In Central America and the Southeastern United
States, R. solanacearum is a severe limiting factor to tomato pro-
duction, where it regularly reduces crop yields. A newly emerged
strain, race 3, biovar 2 is also a severe threat in more temperate
regions [4,5].
Bacteria enter the tomato root either in the elongation zone or
through wounds created at the site of lateral root emergence [6].
Once in the root, bacteria enter the vasculature, which allows them
tomove from the root to the shoot. R. solanacearum produce several
pathogenicity factors, including type III effectors, exopolysaccharide
(EPS) [7e11] and cell wall degrading enzymes such as cellulase and
pectic lyase [9,12e15]. As bacteriamultiply in thexylem, the amount
of EPS increases, ultimately preventing water flow to the shoot, and
resulting in shoot wilting and eventual plant death.
Bacterial wilt disease management is difficult, and the best
means of control has historically been through resistant cultivars.
Resistance in tomato is primarily quantitative, the result of many
genes contributing a small amount to resistance [16e23]. Although
several QTL for resistance to R. solanacearum have been coarse-
mapped [16e23], none have been fine-mapped or cloned.
R. solanacearum is an extremely diverse species. Older classifi-
cation schemes divided the pathogen into races and biovars [2]. The
race designation was based on the host range of the pathogen.
Within races, R. solanacearum was divided into biovars, based in
part on the ability of the pathogen to degrade specific carbohy-
drates [24]. However, as the diversity of the species became clear
through phylogenetic analyses, the race-biovar designations were
changed [25,26]. Currently, R. solanacearum is classified according
to phylotype and sequevar and is known as the R. solanacearum
species complex (RSSC) [25]. The RSSC is divided into four phylo-
types, which each correspond (approximately) to a different
geographic region. Phylotype I is found in Asia, Phylotype II (A and
B) in the Americas, Phylotype III in Africa, and Phylotype IV in the
AustraliaeIndonesia region. Phylotypes subsequently are divided
into sequevars. Strains in phylotype IIA are found in the south-
eastern United States and the Caribbean, and typically infect plants
in the Solanaceae. Strains in Phylotype IIB include the select agent
strain of R. solanacearum (old designation race 3 biovar 2) that can
infect plants at lower temperatures than other strains [4,5].
* This article is part of a special issue entitled “The U.S.-Japan Scientific Seminar:
Molecular Contact Points in Host-Pathogen Co-evolution”.
* Corresponding author.
E-mail addresses: kim1@purdue.edu (B.-S. Kim), eeckhard@purdue.edu
(E. French), caldwed@purdue.edu (D. Caldwell), ejharrin@purdue.edu
(E.J. Harrington), asi2@purdue.edu (A.S. Iyer-Pascuzzi).
Contents lists available at ScienceDirect
Physiological and Molecular Plant Pathology
journal homepage: www.elsevier .com/locate/pmpp
http://dx.doi.org/10.1016/j.pmpp.2016.02.007
0885-5765/© 2016 Elsevier Ltd. All rights reserved.
Physiological and Molecular Plant Pathology 95 (2016) 37e43
Phylogenetic analyses have shown little correlation between host
range and phylotypes [10,26].
The genomes of at least 14 different RSSC strains have been
completely sequenced [27]. These 14 include representatives from
all four RSSC phylotypes, including the phylotype II type strain K60
[28], and the phylotype I strain GMI1000 frequently used in labo-
ratory studies [29]. Sequencing has been instrumental not only in
classification but also in the identification of virulence
determinants.
In this mini-review, we provide an overview of host genetic
resistance and bacterial virulence mechanisms. For more detailed
reviews see Refs. [10,26,30,31].
2. Host resistance mechanisms
2.1. Genetic mechanisms of resistance
BW resistance in tomato is largely quantitative (polygenic).
Although in Arabidopsis, resistance to R. solanacearum is governed
by at least one major gene, RRS1-R [32], no major genes for BW
resistance have been identified in tomato. Several QTL for BW
resistance have been mapped to regions of the tomato genome
[16e23]. These are both strain-specific and broad-spectrum QTL
and include a large QTL on chromosome 12 to a Taiwanese phylo-
type I strain [21,23], weaker QTL on chromosome 6 to both phylo-
type I and II strains [17e23], and additional small possibly strain-
specific QTLs on chromosomes 3, 4 and 8 [22]. Most of these QTL
were identified using the same recombinant inbred line (RIL)
population, Hawaii7996 (HA) x WestVirginia700 (WVa700). HA is
unusual in that it has strong resistance in a wide variety of
geographic locations throughout the world [3]. The published QTL
data suggest that HA contains multiple loci contributing to resis-
tance to several R. solanacearum strains.
Thus far, the strongest QTL for BW resistance to any R. sol-
anacearum strain maps to a 2.8 cM region on chromosome 12. Bwr-
12 is effective against phylotype I (Asian) strains, accounting for
approximately 18e56% of the resistance [21,23]. This QTL does not
appear to be active against phylotype II strains [22].
The other major QTL for BW resistance, Bwr-6, localizes to a
15.5 cM region on the short arm of tomato chromosome 6 and is
effective against both phylotype I and II strains [17e23]. QTL in this
region have mapped to slightly different areas of this region in four
separate experiments (all in the HA  Wva700 RILs). It is unclear
exactly how many QTL are in this region. Bwr-6 explains approxi-
mately 11.5e22% of the variation in resistance to R. solanacearum
[23]. This region appears to be a ‘hot-spot’ for both qualitative and
quantitative disease resistance genes. Resistance genes that map to
this region include Mi for resistance to root-knot nematodes and
potato aphids [33e35], Cf2 and Cf5 for resistance to Cladosporium
fulvum [36], and the QTL Ol-1 for resistance to Oidium lycopersicon
[37], Ty-1 for resistance to Tomato yellow leaf curl virus [38], and Am,
for resistance to Alfalfa mosaic virus [39].
In Arabidopsis, resistance to R. solanacearum is conferred by the
combined action of two NB-LRR genes, RRS1-R (resistance to Ral-
stonia solanacearum 1) and RPS4 (resistance to Pseudomonas
syringae 4) [40e46]. Together these act to confer recognition of the
type III effectors (T3Es) PopP2 from R. solanacearum and AvrRps4
from Pseudomonas syringae. RRS1-R is unusual in that it not only
encodes the only known recessive NB-LRR R gene but the protein
also contains a WRKY DNA binding domain [32]. The T3E PopP2, an
acetyltransferase, directly acetylates a specific lysine within the C-
terminal WRKY transcription factor domain of RRS1-R [47]. This
disrupts the connection between RRS1-R and DNA, leading to the
activation of RPS4-induced defenses [45,46]. Thus, RRS1-R acts as
an ‘integrated decoy’: it uses theWRKY domain as an effector target
but can activate defense signaling through a different NBS-LRR
protein. Thus, it is able to prevent effector virulence and activate
defense genes [45,46,48].
2.2. Host whole genome transcription profiling
Given the importance of R. solanacearum, surprisingly little in-
formation is known regarding the transcriptional responses of
plants to R. solanacearum infection. A time-course of transcriptional
changes viewed bymicroarray analysis of R. solanacearum infection
in Arabidopsis found that many hormone-related genes were
affected [49]. At early wilting stages (5 days after inoculation), 471
genes were differentially expressed in the compatible interaction
compared to the incompatible. Most (353) were upregulated, and
40% of these genes were involved in the biosynthesis or signaling of
the plant hormone abscisic acid (ABA). This is consistent with the
idea that during early wilting stages bacteria-produced EPS re-
stricts water flow throughout the plant, and ABA plays a major role
in water stress. Many down-regulated genes at the early wilting
stage were related to auxin and cytokinin signaling [49].
Because tomato has a different type of resistance to R. sol-
anacearum compared to Arabidopsis (poly-vs. monogenic) and
pathogenesis of the bacteria within each host appears to be
different [49], work directly in tomato is crucial for understanding
resistance and disease mechanisms. Examination of tomato tran-
scriptional responses in a resistant and susceptible line with
microarrays 24 h after inoculation showed no change in gene
expression in the inoculated susceptible plant relative to the mock-
inoculated susceptible plant, but identified 146 up-regulated and
10 down-regulated genes in the resistant plant [50]. Many different
hormone-related genes were differentially expressed in the resis-
tant cultivar, including those with roles in the jasmonic acid, auxin,
and ethylene signaling pathways. PR (pathogenesis-related) genes
as well as lignin and hydroxyl cinnamic acid biosynthesis genes
were also upregulated, suggesting that gene expression changes
leading to alterations in cell wall structure within xylem vessels
may be important for resistance [50]. In both the transcriptional
profiling reports, shoots were sampled for gene expression, but
since roots are part of the natural infection process, and are an
important part of resistance [51,52], it is likely that knowledge of
root transcriptional reprogramming will provide important infor-
mation for deciphering resistance mechanisms.
2.3. Roots are an important part of resistance
Studies with grafting have demonstrated that roots are key to
resistance. Grafting resistant rootstocks to susceptible scions is an
effective means of disease control in the Southern United States as
well as South Korea and Japan [51,52]. Scions of the susceptible BHN
602 tomato line were grafted onto rootstocks of various tomato
lines with resistance to bacterial wilt [51]. When disease pressure
was low, BW incidence of both grafted and non- or self-grafted was
low. When BW disease pressure was high, both fruit yield and BW
incidence from grafted hybrids performed much better than non-
grafted and self-grafted hybrids [51]. Grafting resistant rootstocks
had similar effects on resistance in susceptible scions in a field
study in North Carolina [52]. These studies demonstrate the
importance of roots for resistance and tomato yield in the field.
2.4. Insights to resistance from histological studies
Several groups have used histological studies to provide insight
into how plants are affected by R. solanacearum. R. solanacearum is
thought to enter the root system through secondary roots, root cap
or through wounds acquired in the soil [2]. In susceptible tomatoes,
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R. solanacearum entry into roots occurs in four stages [6]: Bacteria
first colonize the root surface either in the elongation zone or at the
point of emerging lateral roots. During the second stage of coloni-
zation, 2e3 days after inoculation, significant numbers of bacteria
infect the cortex, an inner layer of the root, with smaller numbers
found in the epidermis, an outer root layer. Bacteria enter the
vasculature, including the xylem, and begin to degrade cell walls
during the third stage of infection, about 3 days after inoculation. In
the fourth stage, bacteria multiply and begin to move into the
shoot. The increase in EPS in the root and shoot plugs the xylem,
preventing water movement, and leading to wilt, the most recog-
nizable disease symptom.
The infection process is less well understood in resistant plants.
Multiple reports have shown that resistant cultivars have signifi-
cant numbers of bacteriawithin both roots and shoots, although the
multiplication of bacteria in resistant plants may be slower [9], and
in general, susceptible plants have higher levels of bacteria in the
stem. Several reports suggest that bacteria in resistant plants are
distributed differently than in susceptible plants, and are limited in
their ability to broadly colonize tissues [53]. Grimault et al. [53,54]
showed that resistance was significantly correlated with bacterial
colonization in the mid-stem. Consistent with this, QTL controlling
R. solanacearum race 3 colonization in tomato stems were recently
identified [22]. There appear to be two types of resistance mecha-
nisms in the stem that both block bacterial movement, but in
different ways. Examination of bacteria distribution in stems of
resistant and susceptible lines found that resistant lines confined
bacteria to the primary xylem, possibly through thickenings of pit
membranes in stem xylem tissue [55]. In the susceptible line bac-
teria were found in secondary xylem tissues of the stem or had
moved into the pith [55]. A second means of preventing bacterial
movement may be through the accumulation of tyloses in stem
xylem vessels [53]. Tyloses are outgrowths of xylem parenchyma
cells that balloon into the lumen of adjacent xylemvessels, creating
a physical barrier that may prevent bacterial movement.
Experiments inMedicago truncatula showed that as in tomato, R.
solanacearum enters the intercellular spaces of the root cortex and
proceeds to the vascular cylinder to allow colonization of the
vascular system [56]. Bacteria were identified in both resistant and
susceptible cultivars but with higher numbers in susceptible plants.
As in tomato, once bacteria accessed the central vascular system
they were able to rapidly reproduce within the xylem vessel.
The infection process appears to be somewhat similar in Ara-
bidopsis thaliana roots grown on agar media. Digonnet et al. [57]
found that six days post inoculation bacteria are found within
intercellular spaces of the root cortex. Cell wall degradation
allowed the bacteria to enter into the vascular system andmultiply,
and bacterial pockets to form within xylem vessels [57] of sus-
ceptible plants.
3. Environmental mechanisms of resistance
3.1. Biocontrol
In recent years, many studies have investigated the use of
beneficial microorganisms as biocontrol agents (BCAs) for plant
diseases. The most commonly studied microorganisms for the
purpose of controlling BW are bacteria [58]. Most researchers have
focused on avirulent strains of R. solanacearum, Pseudomonas spp,
and Bacillus spp., although other species have been used as well.
BCAs can suppress disease through multiple mechanisms including
competition, production of cell-wall degrading enzymes, antibi-
otics, or siderophores, and induction of systemic resistance [58]. A
common strategy for identifying potential BCAs is to isolate them
from the rhizospheres of healthy plants [59]. However, isolating
microorganisms from the rhizospheres of R. solanacearum-infected
plants to enrich for bacteria with biocontrol capabilities against BW
may be a more effective strategy [60].
Hyakumachi et al. [61] showed that soil pretreatment with
either a cell culture or cell-free filtrate of Bacillus thuringiensis
suppresses tomato bacterial wilt and induces expression of
defense-related genes. In a follow-up study, they examined tran-
scription patterns in tomato roots pretreated with B. thuringiensis
cell-free filtrate and subsequently challenged with R. solanacearum
[62]. Salicylic acid (SA)-related defense genes were induced only in
main roots, but not in lateral roots, while jasmonic acid (JA)-
dependent defense genes were either suppressed or not induced.
Ethylene (ET)-responsive genes were induced in both main and
lateral roots. Taken together, these results suggest that B. thur-
ingiensismediated disease suppression involves co-activation of SA
and ET defense hormone signaling pathways and simultaneous
suppression of the JA pathway, which is different than the classic
model of induced systemic resistance mediated by activation of JA
and ET [63]. In an early study on biocontrol of BW, pretreatment
with the oomycete Pythium oligandrum transiently induced ET
production and expression of ET-related genes and subsequently
reduced wilt symptoms [64].
Various rhizosphere-inhabiting fungi have also been found to
induce resistance against tomato bacterial wilt. Many studies have
focused on mycorrhizal fungi, which develop a symbiotic rela-
tionship with plant roots and have also been shown in some cases
to induce systemic resistance against plant disease. An early study
found that colonization by Glomus versiformae induced phenol
production in tomato roots and protected them against R. sol-
anacearum infection [65]. A more recent investigation character-
ized three different endomycorrhizal fungi for their biocontrol
capabilities and found that bacterial wilt disease suppression varied
between fungal species [66].
3.2. Soil amendments
Several different types of soil amendments have also been
shown to provide efficient control for tomato bacterial wilt. To-
matoes grown in soil amended with 20% (v/v) municipal waste
biochar, a charcoal-like substance for soil application in agriculture,
had a reduced disease incidence compared to tomatoes grown in
un-amended soil or soil amended with a wood biochar [67].
Addition of bioorganic fertilizer decreased soil R. solanacearum
populations and reduced disease incidence in tomato field plots
compared to plots treated with either an inorganic or organic NPK
fertilizer [68]. The bioorganic fertilizer, which contains its own
populations of bacteria, increased the diversity and richness of the
bacterial populations in the amended soil, which was correlated
with increased disease resistance. Soil application of systemic
resistance elicitors - silicon and chitosan - also reduced bacterial
wilt disease incidence and severity and increased expression of
defense-related genes, such as chitinases and peroxidases [69].
Another study examining silicon-induced resistance to tomato
bacterial wilt showed that silicon amendment primed tomato
plants for JA-/ET- and reactive oxygen species-dependent defense
gene expression, increasing their resistance to disease [70]. For a
more comprehensive review of biocontrol and soil amendment
disease control for bacterial wilt, see Yuliar et al., [58].
4. Pathogen effectors and other virulence factors
4.1. Non-type III effector virulence factors
R. solanacearum uses numerous virulence factors during the
disease process. The pathogen secretes exopolysaccharide (EPS1), a
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polymer of N-acetylated sugars and a major virulence factor for
infection in tomato [10]. EPS1 deficient strains cause significantly
less disease in tomato regardless of whether they are inoculated
onto unwounded root systems or directly into the xylem [9,11]. In
resistant tomato plants, wild type R. solanacearum induced greater
defense responses than the eps- mutant, suggesting that resistant
plants can recognize this pathogen trait [11]. Coincident with this,
R. solanacearum growing in roots of infected resistant tomato plants
produce less EPS per gram of tissue than those found in susceptible
plants [8]. The production of EPS1 is regulated by cell density, and is
higher when pathogen density is greater than 107 cells/ml [71]. In
addition to high cell density, EPS1 production requires nitrogen in
the form of nitrate. Mutants defective in nasA, which encodes a
nitrate reductase, do not produce normal amounts of EPS1 [72].
Other virulence factors in both tomato and Arabidopsis include
cell wall degrading enzymes [13,73e75], which are secreted
through R. solanacearum's type II protein secretion system (T2SS)
[26]. Both pectolyctic and cellulolytic wall degrading enzymes in R.
solanacearum have been described. A R. solanacearum mutant
defective in the T2SS has only weak virulence [76], and is less
virulent than mutants defective only in CWDE, suggesting that in
addition to CWDE, other proteins secreted through the T2SS are
important for virulence [14]. Surprisingly, a triple mutant defective
in three pectolytic enzymeswasmore virulent than either a mutant
defective in six CWDE (both pectolytic and cellulolytic) [75] or two
cellulolytic enzymes. The authors attribute this to a lack of plant
defense stimulation in the triple mutant [75]. Similar to infection in
tomato, CWDE are important for R. solanacearum infection in Ara-
bidopsis. Inoculation with R. solanacearum GMI1000 resulted in
pectin degradation in the root of wild-type Col-0 Arabidopsis [57].
Another significant aspect of R. solanacearum virulence is
motility. Nonmotile mutants that either lacked flagella or had
defective flagella had reduced virulence when soil-soak inoculated
on tomato [77]. However, when the nonmotile fliC mutant was
inoculated directly into the xylem via petiole inoculation, it was
able to cause disease [77]. These data suggest that flagella are
important for locating roots but are dispensable once bacteria have
reached the xylem. Twitching motility, which provides a flagella-
independent form of surface movement for Ralstonia sol-
ancearum, also plays a role in virulence [78], as mutants defective in
this ability show reduced virulence in tomato [78].
How R. solanacearum thrives in the oxygen- and nutrient-
limited environment of the xylem has been puzzling. However,
recent work has demonstrated that the ability to use nitrate is an
important part of R. solanacearum virulence in tomato [72,79,80]. R.
solanacearum infection reduces already low levels of oxygen in the
xylem [80]. Tomato xylem sap contains significantly high levels of
nitrate. Work by Dalsing et al., 2015 [80] showed that during
infection, R. solanacearum consumed the available oxygen, and was
able to use inorganic N as an energy source with nitrate as a ter-
minal electron acceptor. Consistent with this, the genome of
GMI1000, a phylotype I strain of R. solanacearum, contains a set of
nitrate respiration and denitrification genes (narG, aniA, norB, nosZ
and hmpX) [29,80]. Further, transcriptomic analysis of bacteria
growing in planta showed that all of these genes were significantly
expressed during R. solanacearum pathogenesis in tomato [79].
Single mutant analysis showed that two mutants with defects in
the nitrate detoxification pathway, aniA and hmpX, caused less wilt
disease thanwild type R. solanacearum [80]. Thus, the ability to use
inorganic N is an important part of the pathogen's ability to colo-
nize the tomato host and cause disease.
4.2. Pathogen effectors and the T3SS
Like most plant pathogens, R. solanacearum uses the type III
secretion system (T3SS) to inject type III effectors (T3Es) into the
host cell, causing disease in susceptible plants and defense re-
sponses in resistant plants [30]. hrp genes are induced in planta, and
R. solanacearum is thus far the only species in which induction of
hrp genes has been shown to require physical contact between the
bacterium and the plant host cell wall [81e84]. In R. solanacearum,
an outer membrane receptor known as PrhA recognizes a non-
diffusible plant cell wall molecule and initiates a transcriptional
cascade that results in the activation of the master regulator hrpG,
followed by hrpB. HrpB then directly controls the expression of the
T3SS machinery and T3E expression [26]. In addition to its role in
activating the T3SS through hrpB, HrpG also directs the expression
of hundreds of hrpB-independent genes that are important for
pathogen virulence [15,85]. The hrpB regulon is expressed in planta
both at early stages of plant infection and during later wilting
stages [79,86]. Both hrpB and hrpG genes are necessary for tomato
root infection, although at different stages of the process [87].
Genomic sequencing has revealed that R. solanacearum strains
have, on average, between 60 and 75 different T3Es [27,31], several
of which are part of multigene families. About 50% of the predicted
T3Es in the RSSC are thought to be specific to this species complex
[26], and many are highly conserved within phylotypes. For
example, within phylotype II, 54 effectors are conserved among
four sequenced strains [26]. Thirty-two effectors are conserved
across at least 10 of the fully sequenced RSSC genomes [31],
although a minimal set of “core” effectors has not yet been iden-
tified. Despite the effector conservation within phylotype, there
appears to be little correlation between host range and phylotype
[26].
Of the predicted 110 T3E gene families in the RSSC [26], only
about two dozen have a known function [30]. Genetic analyses have
demonstrated that several T3Es have roles in R. solanacearum
virulence. For example, PopS and GALA4 suppress plant defenses in
tomato [79,88], while GALA7 is required for virulence in M. trun-
catula [56]. In tobacco cells, PopA localizes to the membrane and
forms an ion-conducting pore, which may promote translocation of
bacterial proteins from the apoplast into the host cell cytoplasm
[89]. Effectors in the RSSC also have roles in avirulence. AvrA is a
major avirulence factor in tobacco [90,91], while PopP2 interacts
with the Arabidopsis resistance protein RRS1-R [32]. However,
effector function is dependent on host species, as both AvrA and
PopP2 contribute to pathogen growth in tomato (AvrA and PopP2)
[92] or M. truncatula (AvrA) [56]. Depending on the strain, the R.
solanacearum genome also contains effectors that are homologs of
Xanthomonas TAL effectors, known as RipTALs in R. solanacearum
[27,93,94].
In part due to the prevalence of gene families among RSSC ef-
fectors, multiplemutations are often necessary to see a reduction in
virulence. For example, knocking out all five members of the AWR
gene family causes reduced virulence in tomato [95]. A triple
mutant in members of the HLK family also shows a reduction in
virulence [96]. The GALA T3E family contains eight genes that
encode proteins with F-box motifs [97]. Four members of this
family interact with Arabidopsis Skp-1 like proteins, suggesting
theymay be involved in proteasome-mediated degradation of plant
host targets [97]. Mutants lacking all seven GALA genes in GMI1000
have reduced virulence in Arabidopsis, tomato, and eggplant [88].
For a more detailed description of T3Es in R. solanacearum, the
reader is referred to [10,26,30,31].
Understanding the R. solanacearum genes used during patho-
genesis is helping to shed light on virulence mechanisms in planta.
For example, using a strain of R. solanacearum expressing a lumi-
nescent reporter Montiero et al. [86] showed that the gene con-
trolling EPS biosynthesis is activated in bacteria that colonize the
xylem. In a different study, examination of gene expression from
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two strains of R. solanacearum in planta identified genes that were
differentially expressed in tomato during early bacterial wilt dis-
ease [79]. Surprisingly, 45% of HrpB- regulated genes were upre-
gulated in planta, suggesting that T3SS has an important role
throughout the disease cycle. Virulence factors such as EPS1
biosynthesis genes and mobility genes (pilA and fliC) were
expressed highly during pathogenesis, as were pathways for su-
crose uptake and metabolism. Sucrose regulon genes were upre-
gulated significantly in planta. A mutant defective in the scrA gene
was less virulent than the wild type pathogen when inoculated to
unwounded tomato roots, but not when introduced to the xylem
through cut petioles. However, calculation of the population size of
the wild type and scrA mutant in the xylem during wilting showed
a reduction in scrA growth, suggesting that the scrA mutant had a
reduction in fitness during pathogenesis [79]. Knowledge of the R.
solanacearum genes active during infection will lead to greater
understanding of host resistance and susceptibility.
5. Conclusions
In conclusion, R. solanacearum is a diverse pathogen that uses a
battery of virulence mechanisms to cause disease. While there is
still much to be learned about host plant resistance, mechanisms of
pathogen virulence are becoming clearer. Future studies will
continue to investigate pathogen virulence mechanisms and will
generate insight into host plant resistance through QTL cloning,
examination of the molecular mechanisms of resistance in roots,
and through the identification of additional plant proteins targeted
by R. solanacearum effectors.
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